In murine schistosomiasis, the highest levels of resistance to cercarial challenge are obtained by vaccination with radiation-attenuated cercariae. To identify candidate vaccine antigens relevant to the vaccine model, we examined parasite antigens recognized by antibodies from mice vaccinated with irradiated cercariae of Schistosoma mansoni. To optimize recognition of a wide spectrum of antigens, several factors that influence the level of protection in this model were varied; specifically, we examined the effect of (i) single versus multiple vaccinations with irradiated cercariae, (ii) the dose of irradiation (15 or 50 kilorads) administered to the cercariae, and (iii) the genetic background of mouse strains, high-responder (C57BL/6J) versus moderateresponder (CBA/J) mice. We found that the number of vaccinations did not alter antibody specificity but modified the relative antibody titers against particular antigens. The dose of irradiation used to attenuate the immunizing cercariae had a similar effect on antibody titers but in addition influenced antibody specificity. Only mice that had been vaccinated with moderately irradiated cercariae recognized cathepsin B (Sm3l) and Sm32. Interestingly, when vaccinated mice of the two strains, C57BL/6J and CBA/J, were compared, differences in antibody responses to particular antigens were observed. Both strains recognized the integral membrane protein Sm23, glutathione S-transferase, and cathepsin B, whereas Sm32 and paramyosin were recognized only by CBA/J mice, and heat shock protein 70 was recognized exclusively by C57BL16J mice. In this study, we conclusively identified six distinct antigens that are specifically recognized by the humoral immune response of vaccinated mice.
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The helminth parasites Schistosoma spp. infect 5 to 10% of the world's population. Current strategies to reduce the impact of this disease on human health include the development of a defined antigen vaccine; several laboratories have selected an array of candidate vaccine antigens (1, 14, 27, 47, 57) . However, none of the purified or recombinant antigens identified to date confers a level of protection to challenge infection in mice that is as high as that conferred by vaccination with radiation-attenuated cercariae (vaccine model). In such vaccinated mice, worm burdens of challenge infections with Schistosoma mansoni are reduced by more than 90% compared with those in naive mice (19, 48) . Therefore, antigens recognized in the vaccine model may represent potent immunogens for a defined vaccine.
The high levels of resistance obtained in mice after vaccination with irradiated cercariae require antibodies and T cells (25, 38, 52) . Thus, elucidation of antigens relevant to both humoral and cellular responses may be critical for the development of an optimal vaccine. Although the antibody response is essential for resistance in the vaccine model (52) , only serum of repeatedly vaccinated mice successfully transfers protection to naive recipients (11, 25, 38) , suggesting a quantitative or qualitative modification of the antibody response with multiple boosts (9).
Several factors affect the level of resistance in the vaccine model and may separately or in concert stimulate antibody responses to distinct antigens. Cercariae attenuated with moderate doses of irradiation (15 to 20 kilorads) stimulate higher levels of resistance than do highly irradiated cercariae (50 kilorads) (48, 54 (59) . Briefly, an ATP-agarose column linked by C8 (Signa) was preequilibrated with 20 mM Tris-acetate buffer, pH 7.5, containing 20 mM sodium chloride, 3 mM magnesium chloride, 15 mM 2-mercaptoethanol, and 0.1 mM EDTA (buffer D). CERC, in the presence or absence of phenylmethanesulfonyl fluoride, was applied to the column. Nonspecifically bound proteins were removed by sequential washes with buffer D supplemented with 0.5 M sodium chloride, with buffer D alone, and with 1 mM free GTP in buffer D. After the column was washed with buffer D alone, HSP70 was eluted with 3 mM ATP in buffer D. Fractions were analyzed by SDS-PAGE using discontinuous 12.5% polyacrylamide gels under reducing conditions followed by silver staining using the Phastsystem (Pharmacia, Piscataway, N.J.) according to the manufacturer's directions. All fractions that contained proteins of 70 kDa were pooled, aliquoted, and stored at -80°C. To isolate GST from cercariae, glutathione affinity chromatography (53) was performed with modifications. Briefly, a glutathione-agarose column was preequilibrated with 50 mM Tris buffer, pH 7. CERC was loaded onto the column and washed with Tris buffer, pH 7. Glutathionebinding proteins were eluted with 7 mM glutathione in 50 mM Tris buffer, pH 9.6. Purification was performed at 4°C.
Fractions were analyzed as described above, and all fractions that contained proteins of 28 kDa were pooled, aliquoted, and stored at -80°C. SDS (58) . After transfer, the membrane was quenched in PBS containing 0.3% Tween 20 (PBS-T) for 1 to 1.5 h at room temperature. Individual membrane strips were incubated in antisera or monoclonal antibody diluted in PBS-T for 3 h at room temperature. Antisera obtained from mice were diluted 1:800, and those from rabbits were diluted 1:1,000. Monoclonal antibodies derived from ascites were diluted 1:1,000. Following incubation with primary antibody, membrane strips were washed in PBS-T and incubated in gold-conjugated goat anti-mouse IgG or goat anti-rabbit IgG antibody (Bio-Rad, Richmond, Calif.) that was diluted 1:800 in PBS containing 1% nonfat milk and 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid at pH 7.0 for 15 to 24 h at room temperature. The signals were enhanced photochemically with a gold enhancement kit (Bio-Rad) according to the manufacturer's directions. In one experiment, anti-mouse 
RESULTS
Antigens recognized by antibodies of C57BL/6J mice vaccinated with irradiated cercariae. All vaccination regimens were performed at least three times, and the pooled sera from each experiment were analyzed for differences in antigen recognition. No change in the specificity of sera was observed between experiments. Western blot analysis was performed to identify the molecular weight of schistosomal antigens recognized by antibodies of C57BL/6J mice that had been vaccinated with irradiated cercariae. In an initial study, we examined whether antigen recognition was affected by the time span between vaccination and bleeding or by the number of vaccinations. We collected sera 9 or 26 days after vaccination and tested them against SCHLAP. Serum obtained 9 days after the primary vaccination recognized antigens of 28 and 46 kDa, whereas serum collected 26 days after the same vaccination failed to recognize these antigens but bound weakly to antigens of 23 and 70 kDa (Fig. lA,  lanes 1 and 5) . Serum obtained at either time point after successive exposures to irradiated cercariae bound essentially identical antigens of 23, 28, 70, 116, and 200 kDa (Fig. lA, lanes 2 to 4 and 6 to 8) and resulted in stronger signals than the serum obtained after a single vaccination. The 46-kDa antigen was detected exclusively by sera that were obtained early after exposure to irradiated cercariae. A weak doublet at 97 kDa was only rarely and inconsistently observed. Sera obtained after the fourth vaccination appeared to bind strongest; thus, all subsequent experiments were performed using these sera. We concluded that following the primary vaccination, antibodies against particular antigens are generated at different rates and that the antigen pattern does not change after boosting. (lanes 4 to 6), SWAP (lanes 7 to 9), and saline-soluble preparation of egg antigens (lanes 10 to 12) probed with sera of C57-15 mice (lanes 1, 4, 7, and 10) or C57-50 mice (lanes 2, 5, 8, and 11). Sera of naive mice are shown as controls (lanes 3, 6, 9, and 12). (SDS-PAGE was run under nonreducing conditions.)
We next compared the antigens recognized in various parasite stages by antibodies of C57BL/6J mice that had been repeatedly exposed to either moderately or highly irradiated cercariae. The two antigens that produced the strongest antibody responses, the 23-and 60-to 70-kDa antigens, were observed in all parasite stages examined (Fig.  2) (49) were probed with sera of C57-15, C57-50, CBA-15, and CBA-50 mice or a rabbit serum that had been generated against purified native Sm23 (45). All five antisera bound to identical bands of 56 and 112 kDa (Fig. 3, lanes 1 to 5) but did not detect the control maltose-binding protein (Fig. 3, lanes  7 to 9) . In addition, we compared the recognition of the 23-kDa antigen in DOC-SOM separated under reducing and nonreducing conditions. All antisera recognized the 23-kDa antigen separated under nonreducing conditions (Fig. 4A (Fig. 4B, lanes 1 to 5) . We concluded that reduction-sensitive epitopes on the cysteinerich integral membrane protein Sm23 (60) (Fig. 6A and D) . Recombinant Sm32 was detected solely by CBA-15 serum (Fig. 6B) . Therefore, cathepsin B and CP1+CP2 are recognized by mice of both strains when vaccinated with moderately irradiated cercariae, and the recognition of Sm32 is strain specific.
Identification of the 28-kDa antigen as GST. To determine whether the 28-kDa antigen that was recognized early in the response and was weakly detected in all stages by sera of vaccinated C57BL/6J and CBA/J mice was identical to GST, glutathione affinity-purified GST was probed with sera of vaccinated C57BL/6J and CBA/J mice. No IgG binding could be demonstrated (data not shown). However, upon use of an anti-IgM antibody as the secondary antibody, antibodies of C57-15, C57-50, CBA-15, and CBA-50 were found to bind to GST (Fig. 7) . Thus, GST-specific antibodies of vaccinated C57BL/6J and CBA/J mice are predominantly or exclusively of the IgM isotype.
Identification of the 97-kDa antigen as paramyosin. A predominant antigen recognized by CBA-50 serum consisted of a doublet of 95 to 97 kDa. Because this molecular mass is similar to that described for schistosomal paramyosin (33), we probed a Western blot of DOC-SOM with CBA-50 serum as well as with a monoclonal antibody generated against schistosomal paramyosin (46) . Both bound to identical bands of 95 to 97 kDa (Fig. 8A) . In addition, two-dimensional Western blots of DOC-SOM probed with either the antiparamyosin monoclonal antibody or CBA-50 serum were superimposable with isomorph patterns of 92 to 97 kDa and a pI of about 5.5 (Fig. 8B) . Furthermore, CBA-50 serum detected schistosomal paramyosin that was purified by col- lagen affinity chromatography (Fig. 8C) . Therefore, the high-molecular-weight antigen recognized strongly by the CBA-50 serum appears to be paramyosin.
Analysis of different schistosomal antigen extracts showed that the apparent molecular weight of paramyosin differed depending on the method of antigen preparation. Paramyosin obtained from DOC-SOM resulted in antibody recognition of a doublet at 95 to 97 kDa, whereas the paramyosin bands in SCHLAP were shifted towards 75 to 80 and 95 kDa (Fig. 9, lanes 1 to 6) . In addition, the intensity of paramyosin bands varied in different stages of the parasite; the paramyosin doublet in SWAP was much weaker than that found in CERC or SCHLAP, when identical amounts of protein were loaded per lane (Fig. 9, lanes 4 to 12) .
DISCUSSION
Various defined antigens in their purified or recombinant forms have been used for vaccine studies in murine schistosomiasis (1, 14, 27, 47, 57) . However, the administration of these nonliving parasite antigens has not yet achieved the high levels of protection that result from vaccination with radiation-attenuated living cercariae. The involvement of antibodies in the development of resistance in the vaccine model has been suggested by studies showing that serum of vaccinated mice can transfer protection to naive recipients (11, 25, 38) . However, protection was observed only if the serum was obtained from repeatedly vaccinated mice (11, 25, 38) . This suggests a quantitative or qualitative modification of the antibody response with multiple boosts (9). Another study compared humoral responses of different responder strains to surface-exposed proteins of schistosomula and found no differences (55) . To preparations (DOC extracts) of various parasite stages. As probes, we utilized antibodies obtained from two genetically distinct groups of mice with various levels of protection.
Comparing sera of mice vaccinated once with irradiated cercariae with sera of repeatedly vaccinated mice, we noticed a general increase in antibody titer with boosts, confirming observations of an anamnestic response (47a). However, the specificity of antibodies was not influenced by boosting, in contrast to the results of Dalton and Strand (9). These differences may be due to the use of Western blotting in our study, whereas in their study metabolically labelled antigens were immunoprecipitated (9). Nevertheless, antibodies against particular antigens appeared to be generated at different rates after primary vaccination with irradiated cercariae. Specifically, responses to 28-and 46- responses generated by vaccination with irradiated cercariae may have been near their peak (7) . With the methods employed in this study, the regimen of multiple exposures to irradiated cercariae appears to elevate the antibody titer but not to alter the antibody specificity.
The degree of resistance against challenge infection varies in different mouse strains. The highest levels of protection have generally been observed in C57BL/6J mice (21, 24, 36) . In this study, the specificity of antibodies from C57BL/6J mice was compared with that of antibodies from moderateresponder CBA/J mice. We identified three antigens that are differentially recognized by the humoral responses of these two mouse strains. CBA/J mice produced antibodies against Sm32 and paramyosin, whereas C57BV6J mice produced antibodies against HSP70. Simpson et al. observed no difference in antibody specificity when comparing the C57BL/6J strain with another moderate-responder strain, C3H/He (55). However, their study focused solely on immunoprecipitation of radiolabeled surface antigens of schistosomula and thus may have excluded certain antigens. Especially, HSP70 and paramyosin, which were detected in our study, are located in or below the tegument of schistosomes (39, 46, 51) , and mechanically transformed schistosomula are not sufficiently developed to produce hemoglobinase.
If the humoral immune response against the high-molecular-weight antigens contributes to the difference in protection between the two strains, the differential recognition of HSP70 and paramyosin might influence the level of resistance. HSP70 was the only antigen specifically recognized by the high-responder C57BL/6 mice. In other studies, humoral recognition of 70-to 75-kDa antigens has been associated with resistance (13, 26) . In contrast to HSP70, paramyosin was recognized by the moderate-responder CBA/J mice. Therefore, antibodies specific for paramyosin might not positively correlate with the degree of protection. Similar observations regarding levels of antiparamyosin antibodies have been made in immunization studies with a nonliving vaccine (20, 22, 23) .
Further analysis of HSP70 showed differences in molecular weight and appearance in various preparations of different parasite stages. These observations may be explained by the ability of chymotrypsin to cleave HSP70 into a 60-kDa VOL. 61, 1993 on October 29, 2017 by guest http://iai.asm.org/ Downloaded from 152 RICHTER AND HARN fragment and subsequently into a 44-kDa fragment (6) . Cleavage of schistosomal HSP70 was reduced in the presence of a chymotrypsin inhibitor and not observed in schistosomal stages that produce less chymotryptic proteases (34) than cercariae. The presence of stage-specific proteases might similarly account for the various molecular weight bands of paramyosin in different parasite stages.
In addition to the genetic background of the host, the dose of irradiation used to attenuate the immunizing cercariae is another factor that greatly influences the level of the host's resistance (19, 40, 48, 54) . Our study showed that moderately irradiated cercariae provoke a specific antibody response against recombinant cathepsin B, Sm32, and purified CP1+CP2 that is not observed when highly irradiated cercariae were used for vaccination. However, using sera of mice vaccinated with moderately irradiated cercariae, Ruppel et al. failed to detect antibodies against 31-or 32-kDa antigens (50) . Their inability to detect the Sm31/32 antigens with vaccine sera might be due to the use of different mouse strains or a less sensitive immunoblot technique. The purified CP1+CP2 mixture contains both cathepsin B and Sm32 (5). Whereas recombinant Sm32 was strain specifically recognized by CBA/J mice, recombinant cathepsin B and the purified CP1+CP2 mixture were detected by sera of both strains. These antigens are believed to be associated with the digestion of hemoglobin (3, 10, 12, 28) . Hemoglobinase activity has been demonstrated in in vitro-cultured schistosomula as early as 8 days of culture (61) , and specific antibody titers were observed in mice as early as 3 weeks after infection (4) . Therefore, the stage-regulated expression of hemoglobin-digesting enzymes might explain why the antibody response against them is restricted to mice that were vaccinated with moderately irradiated cercariae which survive for a longer time in the host.
The dose of irradiation applied to the cercariae influenced not only antibody specificity but also antibody titers against particular antigens. CBA-15 mice produced predominantly antibodies against low-molecular-mass antigens, 14, 23, 28, and 30 to 32 kDa, whereas CBA-50 mice generated a higher antibody titer against paramyosin. In contrast to that in CBAIJ mice, the titer increase in C57BL/6J mice associated with vaccination by moderately irradiated cercariae was directed against the entire antigen repertoire. Thus, it is likely that differences in time of survival and course of migration of cercariae attenuated with moderate or high doses of irradiation (37, 41) are manifest qualitatively as well as quantitatively in the humoral immune response.
In this study, all four experimental groups generated anti-GST antibodies. However, the humoral responses of vaccinated mice to GST seemed to be restricted to antibodies of the IgM isotype, even when the sera were obtained a month after vaccination. Interestingly, mice of the P strain that are not protected by vaccination with irradiated cercariae fail to produce any IgM antibodies, suggesting a possible role of this isotype in the vaccine model (7) .
The integral membrane protein Sm23 was the antigen recognized most intensely independent of the host's genetic background and the irradiation dose of the immunizing cercariae. In other studies, sera of vaccinated CBA/Ca and C3HIHe mice detected a surface antigen of similar if not identical size (2, 55) . Because the antibody response to this antigen seems not to be genetically restricted, the difference in protection between moderate-and high-responder mouse strains might depend not on the sole presence of antibodies against Sm23 but perhaps on quantitative or qualitative differences of the particular antibody response. Experiments comparing titer and isotypes of anti-Sm23 antibodies, as well as of antibodies against the other antigens, generated by C57BL/6J and CBA/J mice vaccinated with moderately or highly irradiated cercariae are currently in progress.
In conclusion, six distinct antigens recognized by the humoral responses of mice vaccinated with irradiated cercariae were identified. Their differential recognition by sera from vaccinated mice varies with the genetic background of the host as well as with the irradiation dose given to the immunizing cercariae. This confirms that vaccine studies should be performed in different mouse strains and that the ultimate vaccine against schistosomiasis will likely consist of a cocktail of immunogens to cover the diversity of immune responses within a population. Further, our study indicates that the site and duration of antigen presentation may be critical, because the irradiation dose directly influences the migratory route and/or the survival time of attenuated schistosomes (37, 41) and appears to indirectly affect the specific humoral immune response. In addition, the fact that these attenuated parasites deliver themselves to particular immune responsive sites in the host's body (8, 42, 43) and release antigens over an extended time (42) might explain the advantage of this vaccine model over conventional methods of antigen delivery.
